Numerous studies have quantified antibiotic resistance genes (ARG) in rivers and streams around the world, and significant relationships have been shown that relate different pollutant outputs and increased local ARG levels. However, most studies have not considered ambient flow conditions, which can vary dramatically especially in tropical countries. Here, ARG were quantified in water column and sediment samples during the dry-and wetseasons to assess how seasonal and other factors influence ARG transport down the Almendares River (Havana, Cuba). Eight locations were sampled and stream flow estimated during both seasons; qPCR was used to quantify four tetracycline, two erythromycin, and three beta-lactam resistance genes. ARG concentrations were higher in wet-season versus dry-season samples, which combined with higher flows, indicated much greater ARG transport downstream during the wet-season. However, water column ARG levels were more spatially variable in the dry-season than the wet-season, with the proximity of waste outfalls strongly influencing local ARG levels. Results confirm that dry-season sampling provides a useful picture of the impact of individual waste inputs on local stream ARG levels, whereas the majority of ARGs in this tropical river were transported downstream during the wet-season, possibly due to re-entrainment of ARG from sediments.
INTRODUCTION
Growing evidence suggests that antibiotic resistance (AR) and antibiotic resistance genes (ARG) are increasing in the environment from domestic and industrial wastewater discharges (Iwane et al., 2001; Schwartz et al., 2003; Pruden et al., 2006; Li et al., 2009; Zhang et al., 2009b) , agricultural use and releases (Chee-Sanford et al., 2001; Smith et al., 2004; Pei et al., 2006; Peak et al., 2007; Martinez, 2008) , and other causes (Seveno et al., 2002; Knapp et al., 2010 Knapp et al., , 2011 . Further, our understanding of factors that impact local ARG concentrations (as evidence of AR) is also improving. However, limited attention has been placed on rates of ARG movement in the environment, which may be of greater importance from an exposure perspective. Knowing rates of ARG mass transport is particularly important for streams and rivers, which are major receptacles of AR-affected wastes and facilitate the bulk movement of ARG away from original sources and causes, promoting ARG dissemination at grander scales (Alonso et al., 2001; Baker-Austin et al., 2006; Baquero et al., 2008; Martinez, 2008; Graham et al., 2011; Knapp et al., 2011) .
Many streams display dramatic seasonal variations in terms of flow, which clearly influences bulk contaminant transport, but also influences re-entrainment of compounds that accumulate during drier periods in the sediment zone (Carvalho et al., 1999; UNEP, 2012) . This may be of particular importance when considering ARG transport in tropical streams because considerable data suggest that sediments, which may be mobilized during high flow events, are primary harbors for ARG in aquatic systems (Seveno et al., 2002; Engemann et al., 2008; Zhang et al., 2009a; Allen et al., 2010) . Therefore, seasonality (or extreme weather-related events) may be a critical factor when considering the scale of exposures to ARGs, especially in recreational waters where human contact is common.
Cuba, like many tropical nations, has two seasons dictated by precipitation patterns. The dry-season (rainfall <60 mm/month) occurs between November and April where rivers remain at relatively low flow levels; whereas higher flows occur in the wetseason (e.g., the hurricane season) when precipitation averages 170 mm/month between May and October (Institute of Hydraulic Resources of Cuba, 2012). As such, Cuban rivers, such as the Almendares River that passes through western Havana, can have very different flows between seasons. Such differences can result in seasonal flooding, but it also can influence contaminant transport down the river. Seasonal differences in contaminant transport (e.g., ARG) in the Almendares River may be important because the river has significant recreational activity in the estuarine zone (ACAVB, 1999) , but it also has significant pollutant inputs in upstream waters.
Therefore, understanding patterns of ARG transport in the river is important to human exposures and this study was performed to assess seasonal variations in ARG transport down the river to the recreational zone. Here, we monitored sediment and water column ARG levels, flow conditions, and general water-quality conditions at eight locations in the Almendares River in wet-and dry-seasons to compare ARG levels and transport rates. Previous dry-season sampling on the Almendares River showed that tetracycline resistance determinants (tet r ) were elevated in sediments downstream of metal-rich leachate inputs, whereas beta-lactam resistance genes (bla) were high in sediments below sewage outfalls (Graham et al., 2011) . Therefore, the goal here was to determine whether similar patterns were seen in the wet-season and how seasonal differences influence actual mass transport rates of ARG down the river.
MATERIALS AND METHODS

FIELD WORK AND SAMPLE COLLECTION
Samples of sediment and water from the overlying water column were collected from eight stations along the Almendares River during each campaign (Figure 1) . The sites have been described previously (Olivares-Rieumont et al., 2005 Graham et al., 2011) and details are provided in Table 1 . To make seasonal comparisons, samples were collected in April 2008 (dry-season) and the following September in the wet-season. All sampling was performed aseptically by washing instruments and gloves with 80% ethanol and flaming (when possible). Sediments and water were collected in pre-sterilized containers and transported back to the laboratory on ice. Measurements of pH, dissolved oxygen (DO), temperature, stream velocities, and river depth and width were made at each sampling station.
Water samples were collected in 150 mL glass bottles. Sediment cores were obtained using ethanol-washed 1 L stainless steel cylinders pushed in to a 10 cm depth. core, 0.5 g aliquots were transferred into micro-centrifuge tubes and frozen on return to the laboratory for microbiological analysis.
SAMPLE PROCESSING FOR ARG DETECTION
DNA were extracted within 24 h of sample collection using the UltraClean™Soil DNA Isolation kit (MoBio Laboratories Inc., Carlsbad, CA, USA), employing the protocol for maximum yields. A cell disruptor was not available; therefore, cell disruption involved a combination of shaking and freeze/thaw cycles. Initially, 0.5 g of sediment samples were transferred to micro-centrifuge tubes pre-loaded with extraction buffer and glass beads. The samples were vortexed and then aggressively hand shaken for 1 min to disrupt the soil matrix. Disrupted samples were frozen at −20˚C and then thawed at 70˚C four times in succession to lyse cells. The remaining purification procedures followed the manufacturer's protocol. DNA extracts were stored at −20˚C prior to subsequent qPCR analysis, which was performed on all samples at the end of each sampling season.
qPCR DETECTION OF ARG
The eluted DNA was used to quantify ARG and 16S-rRNA bacterial gene concentrations. Absolute ARG abundances were used for comparisons among sites, which are of greatest relevance to gene transport rates in the river. All genes were quantified in duplicate by qPCR (iCycler; BioRad, Hercules, CA, USA), using carefully chosen probes and primers for specific AR determinants. The assays for tetracycline resistance [tet (M), tet (O), tet (Q), and tet (W)] and erythromycinresistance-methylase [erm(B) and erm(E)], beta-lactam resistance (bla TEM , bla SHV , and bla OXA-1 ) were based on previously published methods (Knapp et al., 2010) . DNA template (2 µL), appropriate primers (500 nM), and probes (200 nM, if used) were combined with iQ Supermix PCR reagent (BioRad). Reaction conditions included an initial denaturation at 95˚C for 10 min, and 40-45 subsequent reaction cycles for annealing (55-60˚C for 30-60 s, depending on assay), elongation and fluorescence detection (20 s at 72˚C), and denaturation (20-30 s at 94˚C).
All reactions were analyzed with serially diluted DNA standards of known quantity. The presence of inhibitory substances in the sample matrix was checked by spiking samples with known amounts of template and comparing differences in concentration threshold values (CT) between the matrix and controls (targeting less than one cycle difference between samples and controls). Based on pre-testing, a 1:100 dilution of extracted DNA was performed using molecular-grade water to minimize inhibitory effects of extraneous matter in the samples. PCR efficiencies (always between 75 and 110%) were determined by comparing signals from serial dilutions of samples with high DNA levels and also with plasmid controls. Correlation coefficients were >0.99 for calibration curves, and log gene abundance values were always within the linear range of detection.
DATA ANALYSIS
All data analyses were conducted using SPSS (Chicago, IL; v. 17.0) Values of ARG were log-transformed and then plotted against distance-weighted values from each station. A high MSD suggests that the measured value is more variable among stations along the river, whereas a low MSD implies spatial uniformity. MSD values for each value were then compared as a ratio between seasons (i.e., MSD dry-season /MSD wet-season ) to determine whether how spatial variability differed seasonally. A ratio greater than 1.0 (i.e., the F -score) suggests that spatial variability is greater in the dry-season season for that value, which is important for understanding ARG exposure patterns. Principal component analysis (PCA) was based on correlation matrix with Varimax rotation.
RESULTS AND DISCUSSION
SEASONAL FLOW RATES AND TRENDS IN ANTIBIOTIC RESISTANCE GENE ABUNDANCES
Flow conditions in the Almendares River varied dramatically between seasons. During the dry-season (April), estimated river flow rates ranged between 0.39 and 0.78 m 3 /s below station 8 on the river. In contrast, up to nine times higher flow rates were observed at the same stations in the wet-season (Table 1) . Further, actual wet-season flow rates varied broadly among stations, ranging from nearly quiescent conditions at station 9 (< 0.16 m 3 /s) to very high flows at station 3 A (∼6.66 m 3 /s). It should be noted that flow rates in the river were particularly high during our sampling because Hurricane Ike had hit Havana about 10 days before sampling commenced. However, no additional rainfall occurred within 3 days of main sampling days. Ancillary information about environmental conditions that may affect ARG abundances, such as heavy metal and residual antibiotic concentrations, is provided in the manuscript Appendix. Antibiotic resistance and 16S-rRNA gene abundances were quantified using qPCR for all water column and sediment samples from both seasons. Any comparison of ARG trends should consider: (1) relationships between water column and sediment levels, including spatial variations; (2) seasonal differences in ARG levels; and (3) differences in actual ARG mass transport downstream. In general, sediment gene concentrations were always higher than water column concentrations, typically by 2-3 orders of magnitude (Figure 2) .
Given the large amount of data, three exemplar genes were chosen to facilitate detailed comparisons, which were selected based on measured water column and sediment ARG levels along the river and other factors. Specifically, tet (Q) and erm(B) were chosen because they were the highest measured ARG, whereas bla TEM was chosen because of its epidemiological significance in Cuba (Gonzàlez Mesa et al., 2007) . Additionally, PCA suggest two major components represent general ARG patterns along the river (see Appendix): a first component that includes all tet genes and bla OXA , and a second component that includes bla SHV , bla TEM , and erm(B). Therefore, tet (Q) and erm(B) were chosen because they are from different components, and bla TEM was chosen to represent bla genes. As such, appropriate generalizations can be made from these select markers. However, specific comparisons also can be made for other genes using data from Tables A3 and A4 in Appendix.
SPATIAL VARIATIONS IN WATER COLUMN AND SEDIMENT
There were significant variations in all gene abundances across stations in the water column and sediment for each season (ANOVA, p < 0.05). Absolute concentrations of tet (Q), erm(B), and bla TEM www.frontiersin.org in the water column and sediments are shown in Figure 3 . Spatial and temporal patterns are complex, although general trends are apparent.
Water column ARG abundances were highly variable among stations in dry-season samples, although patterns of spatial variation for the three genes were quite similar. Spatial differences in water column gene abundances also existed in the wet-season samples, but patterns differed among the three genes, although gene abundances generally increased as one proceeded downstream.
In contrast, less acute station-to-station variability (with a few exceptions) was seen in sediment ARG levels, particularly for erm(B) and bla TEM . Sediment tet (Q) levels varied more dramatically across stations, but spatial patterns were very different between seasonal measurements. In the dry-season, sediment tet (Q) levels were low between stations 9 and 6, but progressively increased by three orders of magnitude by station 3A. However, no similar pattern was seen along the river in sediment samples during the wet-season, although tet (Q) did vary widely among stations. Further, no clear increasing trend in sediment ARG levels was apparent as one moved downstream during the wet-season, which had been seen for tet (Q) and bla TEM in dry-season sediment samples.
SEASONAL DIFFERENCES IN GENE ABUNDANCES AND VARIABILITY
In most cases, there were significant differences in gene abundances between seasons. Higher water column abundances were found during the wet-season for all genes (paired t -test; p < 0.10) except tet (O) and erm(B), which were statistically similar between seasons. In the sediments, tet and erm genes were not significantly different (paired t -test; p > 0.10), except tet (M) (p = 0.05); bla genes were significantly higher (p < 0.05) during the wet-season.
To quantify seasonal differences in spatial ARG variability, residual analysis was performed on the seasonal water column and sediment data. Specifically, MSDs were determined using linear regression of each individual ARG on the river and variances were compared for each ARG (see Table 2 ). Ratios of MSDs (i.e., F values) also were calculated to contrast differences in apparent variability between seasons. This analysis showed that water column ARG levels (with one exception) were more spatially variable in the dry-season versus the wet-season, whereas the opposite was true for sediment samples. Further, when one clumps all MSD data, significant seasonal differences in MSD become apparent; i.e., dry-season MSD are significantly greater for water column versus sediment samples (paired t -test; t 8 = 2.84, p = 0.02), whereas wetseason MSD values are significantly greater in sediment than water column samples (paired t -test; t 8 = 3.71, p = 0.01). This is corroborated by F values, which are consistently >1.0 for water column and <1.0 for sediment samples. These observations have important practical implications. Both ARG concentrations and their spatial and compartmental variability differ broadly between seasons. This implies that one cannot use sampling from only one season to characterise ARG conditions in a river, and one also must quantify both water column and sediment ARG levels to make useful comparisons. Further, intrinsic variability from site to site demands replicate and more samples be collected to obtain a holistic picture of ARG conditions in a river, although specific locations and river compartments have value in themselves. For example, previous work showed dry-season sediment sampling was very useful for identifying key pollutant inputs to a river (Olivares-Rieumont et al., 2005 Graham et al., 2011 ), but we show here that neither dryseason sediment nor water column data represent conditions in the wet-season. This is particularly important when one considers ARG transport downstream in each season. If one is interested in actual mass movement of ARG downstream (not just local levels), ambient water column ARG levels are more relevant. It is well known that many sediment borne pollutants, such as heavy metals, tend to primarily migrate downstream during high flow events [e.g., UNEP (2012)], which means that differences in water column-to-sediment ARG ratio in the dry-versus wet-season must be important to ARG transport and exposure studies. Therefore, water column-to-sediment ratios were calculated for all measured ARG data and ratios were plotted according to station and season, which is shown in Figure 4 . The data show two distinct clusters of stations; stations 3A, 4, 5A, and 8, and stations 5, 6, 7, and 9, with dry-season ratios being an order of magnitude lower at the latter four stations relative to wet-season conditions. This is noteworthy because stations 5, 6, 7, and 9 are away from major sewage or wastes outfalls, whereas stations 3A, 4, 5A, and 8 have waste outfalls in relatively close proximity (within ∼200 m). To determine whether these patterns translate into quantifiable differences in ARG ratios for stations for each season, mean ratios for each cluster were determined and are presented in Table 3 . Clearly, the local proximity of an outfall www.frontiersin.org has a huge effect on water column ARG levels in the dry-season (t 24 = 5.13, p < 0.01), whereas local outfall effects were weaker (but still significant; t 24 = 3.05, p = 0.01) following periods of heavy rain. This has a few key implications. First, the large variability in dry-season water column ARG levels (see Figure 3 ) almost certainly results from a strong local influence of outfalls. However, this influence is less important during the wet-season when river flow rates are higher. We speculate this seasonal difference partially results from higher flows that re-entrain ARG from sediments along the river (that accumulate during the dry-season), and as such, water column ARG levels become disconnected from local influences under high flow conditions. Further, it explains why water column ARG levels are more variable in the dry-season (due to greater local influence of outfalls) and sediment ARG are more variable in the wet-season (due to greater flow-related scouring and sediment transport; see Table 3 ).
DOWNSTREAM ARG TRANSPORT IN THE ALMENDARES RIVER
Among the key issues related to ARG in rivers is the actual transport of potentially medically relevant genes to locations where human exposure is most likely. Given the largest park in Havana is downstream of station 3A (Graham et al., 2011) , knowing ARG transport into the park was locally important. As such, volumetric flow rates were estimated for stations 5A, 5, and 3A at the time of samplings (summarized in Table 1 ). Using these flow data and water column ARG levels from Figure 4 , total ARG transport for the two seasons were estimated for stations close to the park: stations 3A (near outfall) and 5 (not near outfall).
Total measured ARG transport was much higher in samples collected in the wet-season (see Table 3 ), which was most apparent near outfalls. For example, ARG transport at station 5 was only 10 7.1 genes/s in the dry-season, whereas ARG flux at the same location was 10 9.5 genes/s in the wet-season. This same pattern is seen for bla TEM genes (data not shown), which clinical data has shown is the most common resistance phenotype in E. coli observed in Havana hospitals (Gonzàlez Mesa et al., 2007) . Therefore, our data indicate there is 90× greater movement of resistance potential (as ARG) to recreational waters in the park during the wet-season. Additionally, data from other stations suggest ARG transport is broadly higher along the whole river during the wet-season, which implies exposures are consistently higher during the wet-season, even at locations away from waste outputs.
The product of all our observations is that ARG conditions differ dramatically between the dry-and wet-season in a tropical river like the Almendares River. In the dry-season, significant spatial localization in ARG develops due to lower flow rates, increased local influence of outfalls, and reduced sediment transport. However, dry reason sampling allows one to identify major inputs that influence stream ARG. In contrast, ARG transport rate downstream is much greater in the wet-season. Further, water column ARG are more equally distributed along the river during the wetseason. This implies the potential for increased human exposure occur almost everywhere on the river during the wet-season, which is very important related to health protection guidance for recreational use. Regardless, the work here shows that seasonal sampling is critical for any river or stream system, including ambient volumetric flow measurements, which has been a major limitation in most previous studies. Therefore, we suggest this study on the Almendares River can be used to guide future studies, especially when assessing the potential for human ARG exposure is a primary goal. 
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